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Imaging with near vertical muonsMuon tomography is a technique that uses information contained in the Coulomb scattering of cosmic
ray muons to generate three dimension images of volumes between tracking detectors. Advantages of
this technique are the muons ability to penetrate signiﬁcant overburden and the absence of any addi-
tional dose beyond the natural cosmic ray ﬂux. Disadvantages include the long exposure times and lim-
ited resolution because of the low ﬂux. Here we compare the times needed to image objects using both
vertically and horizontally mounted tracking detectors and we develop a predictive model for other
geometries.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
A considerable body of data and analysis for muon scattering
radiography various objects has been presented [1–28]. These
studies have demonstrated reliable detection of relevant quantities
of high-Z material in times of approximately one minute and imag-
ing in times of approximately 1 h. The expectation of low ﬂux near
the horizon has motivates this study of the utility of muon imaging
for nuclear weapons applications where safety requirements can
prevent placing detectors above a nuclear weapon. In these situa-
tions the object can be imaged by placing detectors mounted in a
horizontal conﬁguration (horizontal viewing mode) to the sides
of the object. Here we present an analysis of horizontal viewing
mode taken with the Los Alamos Mini Muon Tracker (MMT) aimed
at determining the time required to measure the dimensions and
identify the material in a hollow lead sphere with outside diameter
of 10.16 cm and inside diameter of 3.81 cm. The horizontal viewing
mode data are compared with previously analyzed vertical viewing
mode data taken with the same object [29].
2. Experiment
The MMT has been used in a number of previous experiments. It
consists of two super modules of 12 planes each of 5 cm diameter
drift tubes that are read out using a commercial system thatasynchronously sends time tagged signals of drift tube hits over
Ethernet to a processor that builds events of coincident hits and
constructs tracks [30]. Here, the track information is analyzed to
create images using two algorithms described previously [26,29].
The ﬁrst method stores a histogram for each voxel of scattering
angles, h, for all trajectories for which the incident and exit trajec-
tories intersect within a radius (2 cm here) within the voxel, and
then ﬁts the average path length for each voxel to the accumulated
angular distribution [26]. The second method is a one-dimensional
version of the above where that data are tabulated as a function of
radius, r, from a point ﬁxed at the center of an object under inves-
tigation. The second method provides better statistic and position
resolution for objects with spherical symmetry.
Sixty-nine hours of data have been taken in a horizontal viewing
mode conﬁguration to compare with a vertical data set taken with
the same object previously reported [29]. Photographs of the scanner
in both its vertical and horizontal viewingmodes are shown in Fig. 1.
The measured cosmic ray rate, in both the horizontal and verti-
cal viewing modes, are plotted in Fig. 2 as a function of zenith
angle, hZ. The curve plotted as a solid line has been ﬁtted to the
data and is given by:
dN
dXdt
¼ 0:66 cos2ðhZÞðsr1cm2min1Þ;
where N is the number of tracks detected, X is the solid angle, t is
time. Integrating over the upper hemisphere gives a total ﬂux of
1.4 muon cm2 min1 consistent with a higher ﬂux than is
Fig. 1. Left: Photograph of the muon scanner in vertical viewing mode. Right: Photograph of the scanner in horizontal viewing mode with the hollow lead sphere in place.
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Fig. 2. Normalized counting rate as a function of zenith angle taken in the two
modes of operation compared to the model given in the text.
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Fig. 3. Angular distributions for both horizontal and vertical viewing modes for three diff
distributions using the multi-group model described in Ref. [26].
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tion of Los Alamos of 2200 m above sea level. The data can be seen
to fall lower than the curve as one moves away from the center of
the acceptance (0 for vertical mode and p/2 for horizontal viewing
mode) because of the ﬁnite thickness of the tracking detectors
which results in a loss of tracking efﬁciency near the edges for
non-normal incident trajectories. The angular distribution, which
goes to zero at the horizon, is the reason for the longer times needed
for horizontal viewing mode imaging, because the horizontal track
rate is approximately a factor of 10 lower than the track rate in ver-
tical viewing mode-in agreement with expectations.
The energy distribution changes as a function of hZ for the muon
ﬂux. Because of this the calibrations for converting from the scat-
tering angle distributions to radiation length weighted areal den-
sity obtained in vertical mode do not work well for horizontal
muons. We have obtained new calibration data by using the hol-
low lead sphere as a calibration object. Two-dimensional histo-
grams of angular distributions were stored as a function of radius
of the muon trajectory from the center of the sphere (the centersre
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Fig. 5. Radiation length weighted areal density obtained in vertical (left) and
horizontal (right) viewing modes. The data points show the mean value from 15
independent runs. The error bars are the standard deviation from the 15 runs. The
curves show the ±1 standard deviation bounds from the mean for ﬁts to the data
with (solid) and without (dash) a central void.
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Fig. 6. Probability of a detecting the void (1 – Pnovoid) as a function of exposure time,
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Fig. 4. Images of the reconstructed images in vertical viewing mode (top) and
horizontal viewing mode (bottom). For each mode there are three rows of images as
a function of exposure time on an approximate geometric time scale. Bottom row is
an x–z slice and the middle row is an x–y slice from the tomographic reconstruction,
and the top row is an Abel inversion of the x–y slice.
Fig. 7. Radii, density, and standard deviations from the ﬁts described in the text
obtained in vertical viewing mode (top) and horizontal viewing mode (bottom).
Densities are divided by the radiation length of lead, 6.4 g/cm2.
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tributions as a function of polar scattering angle, h, and ﬁts using
the multi-group model from [27,29] are shown in Fig. 4.
The time development of the reconstructions is shown in Fig. 3)
for the two imaging modes. In these plots the z direction is along
the bisector of the detectors and the x–y plane is parallel to the
detector faces. It takes about 1 h of exposure to distinguish the
inner cavity of the lead ball in vertical mode and about 8 h in hor-
izontal viewing mode. This is most apparent in the upper row of
each set of data, where the Abel inversion of the center x–y slice,
centered on the object in z, is shown.Results from the one-dimensional reconstruction method are
shown in Fig. 5, where the radiation length weighted areal density
along with model ﬁts to the data are plotted. The center about
which the r are determined was obtained from the two dimen-
sional reconstructions shown in Fig. 3. Area densities, qA(r), as a
function of radius were calculated by ﬁtting the angular distribu-
tions stored for each radius with the multi-group model described
above.
The qA(r) were ﬁtted with a model of a sphere with a void in the
middle (solid lines) and without a void (dashed lines). Fifteen sta-
tistically independent sets of data for each of 5 different time expo-
sures ranging from 15 min to 4 h were analyzed. The standard
deviation of the 15 values of each data points was used as error
estimates for each measurement. These provided the weights for
preforming a least squares ﬁt of the model to the data.
Deviations between the model and the data are apparent espe-
cially at radii where the slope in the areal density is largest. We
believe that some of these are due to nonlinearities introduced
by the multi-group model ﬁts and its calibration. Also, in these ﬁts
Fig. 8. On the left the integrated ﬂux through an object centered in the ﬁeld of view for the geometries schematically illustrated on the right. In the illustrations the boxes
show the outer dimensions of the tracking modules and the grid has a pitch of 0.5 m.
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deviations may be due to unaccounted for ﬁnite resolution effects.
The difference in the reduced chi squared, X2/df, with and with-
out a void at the center was used to test the model by calculating
the probability that there was not a void Pnovoid, assuming the data
are normally distributed, for both the vertical and the horizontal
data sets as a function of time. The probably that a void was
detected, Pvoid = 1  Pnovoid, is plotted in Fig. 6. We ﬁnd that in the
vertical viewing mode the void can be detected with 99% conﬁ-
dence in 20 min and in horizontal viewing mode this conﬁdence
level takes about 1 h.
The standard deviations of the ﬁtted parameters are obtained
from the standard deviation of the 15 ﬁts to the 15 independent
runs. These are plotted as a function of exposure time in Fig. 7.
In vertical viewing mode the density is determined to 1% in
15 min. In 4 h the outside radii are determined to 2 mm and
5 mm and the inside radii are determined to 7 mm and 8 mm in
vertical and horizontal viewing modes respectively.
In actual use the detectors need not be constrained to the geom-
etries used here. In horizontal viewing mode, introducing a vertical
offset between the detectors can increase the counting rate
because it reduces the average zenith angle. This is countered by
a reduction in the average solid angle because the detectors are
on average further from the object. In order to study these effects
we have numerically integrated dNdhZ dX over a detector plane for
both horizontal and vertical viewing modes. Results are displayed
in Fig. 8.
The balance between vertical offset and solid angle for the
horizontal viewing mode is apparent in this plot. For the simple
geometry, studied here, a vertical offset equal to the detector size
gives a factor of three increase in counting rate over the geometry
with no offset. A further gain can be obtained by moving the detec-
tors closer to the object. Using smaller diameter drift tubes (25 cm
vs. 50 cm), which makes the tracker thinner, the tracker can be
placed at an average closer distance with increased solid angle.
With better geometries the counting rate can be increased by 5
for vertical geometries compared to the geometry used above.3. Conclusion
We have shown results for imaging a hollow lead sphere with
cosmic rays in both horizontal and vertical viewing modes. Inthree-dimensional imaging the internal detail of the lead shell
can be observed with about 1 h of exposure in vertical viewing
mode and 8 h of exposure in horizontal viewing mode. Using an
assumption of spherical symmetry, these times can be shortened
by about a factor of four. Horizontal viewing mode with vertical
offsets can shorten the required exposures times by factors of sev-
eral. This work demonstrates that thick targets can be imaged in
several hour time exposures in a range of geometries including
horizontally mounted detectors. Vertical offset between the detec-
tors and smaller standoffs can signiﬁcantly shorten the times need
for imaging on horizontal geometries.Acknowledgements
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